T he B cell-activating factor belonging to the TNF family (BAFF 3 ; also known as BLyS, TALL-1, THANK, TNFSF13B, and zTNF4) is a 285-aa type II transmembrane protein member of the TNF ligand superfamily (1) (2) (3) (4) (5) (6) . Myeloid lineage cells (monocytes, dendritic cells, macrophages, and neutrophils) and bone marrow (BM)-derived radiation-resistant stromal cells are the major systemic sources of BAFF (1-3, 5, 7-9) . Three BAFF receptors have been identified (BCMA, TACI, and BAFFR (also called BR3)), and their expression is largely (albeit not exclusively) limited to B cells (10 -13) . Cleavage of BAFF by a furin protease from the cell surface results in release of a soluble, biologically active 17-kDa molecule (1, 7) which serves as a vital survival factor for B cells (14 -20) . BAFF also serves as a B cell differentiation factor, promoting the differentiation of immature B cells to mature B cells (21, 22) and promoting Ig class switching and Ig production by B cells via engagement of TACI and BAFFR (23) (24) (25) .
The importance of BAFF to in vivo humoral immunity is highlighted by states of either excessive BAFF or absent BAFF. Administration of exogenous BAFF to mice at the time of immunization enhances Ag-specific Ab production (15) , and repeated administration of BAFF to mice even without specific antigenic immunization results in B cell expansion and polyclonal hypergammaglobulinemia (2) . Moreover, constitutive overexpression of BAFF in BAFF-transgenic (Tg) mice that otherwise are not autoimmune prone leads not just to B cell expansion and polyclonal hypergammaglobulinemia but to features of systemic lupus erythematosus (SLE), including elevated circulating titers of multiple autoantibodies and immune complex glomerulonephritis (GN) (6, 26, 27) . As long as MyD88-mediated signaling is intact, SLE-like features develop in BAFF Tg mice even in the complete absence of T cells (28) . Conversely, non-autoimmune-prone mice genetically rendered deficient in BAFF exhibit marked global reductions in B cells beyond the transitional 1 (T1) maturational state and in baseline serum Ig levels and Ig responses to T cell-dependent and T cell-independent Ags (29, 30) .
Given the profound reductions in mature B cells and circulating Ig levels in BAFF-deficient non-autoimmune-prone mice, the expectation was that BAFF deficiency would greatly attenuate autoimmunity in hosts that otherwise are autoimmune prone. Surprisingly, BAFF-deficient SLE-prone NZM 2328 mice, despite reductions in mature B cell numbers as severe as those observed in BAFF-deficient non-autoimmune-prone mice, developed hypergammaglobulinemia, serologic autoimmunity (including nephrophilic autoantibodies), and end-organ (kidney) pathology as they 1 This work was supported in part by National Institutes of Health Grants R01 AR050193 (to W.S.), R01 AI054488 (to M.P.C.), R01 AI073939 (to M.P.C.), R01 AR049765 (to L.P.), R01 AR048692 (to C.P.), and P01 AI051392 (to C.P.), a grant from the Mary Kirkland Center for Lupus Research (to L.P.), a Target Identification in Lupus Award from the Alliance for Lupus Research/Arthritis Foundation (to C.P.), and a Hulda Irene Duggan Arthritis Investigator Award from the Arthritis Foundation (to C.P.).
aged (31) . This clearly demonstrated that B cell-based autoimmunity could emerge despite the lifelong absence of BAFF, but the underlying driving force(s) remained uncertain.
Since T cell dysregulation is a feature of SLE, one plausible explanation for development of autoimmunity in BAFF-deficient NZM 2328 mice is that dysregulated T cell activation promotes differentiation of, and Ig production by, the limited numbers of B cells extant in the BAFF-deficient, but otherwise SLE-prone, hosts. However, a myriad of T cell-independent abnormalities, including those involving B cells and/or the innate immune system, in these mice could potentially contribute in a meaningful way to development of autoimmunity. That is, development of BAFF-independent autoimmunity in NZM 2328 mice may not necessarily be (solely) T cell driven. To unambiguously address development of T cell-driven BAFF-independent autoimmunity and immunopathology, we turned to a model system based on deficiency of CD152 (CTLA-4) in an otherwise non-autoimmune-prone host.
CD152 is a vital homeostatic regulator of T cell activation. The suppressor effects of CD4 ϩ CD25 ϩ regulatory T cells are mediated, at least in part, via CD152 (32, 33) , and engagement of CD152 is crucial to development and/or maintenance of tolerance (34, 35) . C57BL/6 (B6) or BALB/c mice genetically deficient in CD152 (cd152 Ϫ/Ϫ mice) spontaneously develop massive systemic T cell expansion and infiltration into vital organs, which is lethal by as early as 3 wk of age (36 -38) . Negative and positive selection in the thymus are normal in cd152 Ϫ/Ϫ mice (39, 40) , indicating that the physiologic defect is in control of peripheral T cell activation rather than in central T cell development. Because the accelerated T cell activation, T cell expansion, and mortality are markedly attenuated in TCR-Tg cd152 Ϫ/Ϫ mice that express highly limited T cell repertoires (40 -43) , it is likely that the proliferating T cells in non-TCR Tg cd152 Ϫ/Ϫ mice respond to highly prevalent environmental Ags and/or self-Ags. The diverse and unbiased TCR repertoire in these non-TCR Tg cd152 Ϫ/Ϫ mice (44) indicates that no individual self (or environmental)-Ag is uniquely driving the pathologic response, but it does make it likely that autoreactive T cells are represented among the activated and proliferating T cells.
Development of humoral autoimmunity in cd152 Ϫ/Ϫ mice has, to date, not been reported. In this report, we demonstrate that cd152 Ϫ/Ϫ mice bearing a non-autoimmune-prone B6 genetic background (B6.cd152 Ϫ/Ϫ mice) develop, by 3-5 wk of age, high circulating levels of SLE-associated IgG autoantibodies along with renal deposition of Ig and complement and interstitial nephritis. Remarkably, BAFF-deficient B6.cd152
Ϫ/Ϫ . baff Ϫ/Ϫ ) mice develop similarly robust autoimmunity and immunopathology, demonstrating that dysregulated T cells, even in the context of an otherwise non-autoimmune-prone environment, can promote humoral autoimmunity and immunopathology in a BAFFindependent manner. These findings may have profound ramifications for BAFF-targeted therapeutic approaches in human autoimmune diseases.
Materials and Methods

General
All reported studies were approved by the University of Southern California Institutional Animal Care and Use Committee. All assays and tissue evaluations described below were performed by individuals who were blinded to the genotypes of the mice.
Mice
All mice were housed at the University of Southern California in a single specific pathogen-free room. 
Spleen immunofluorescence
OCT-embedded frozen spleen sections were stained with PE-conjugated anti-CD45R/B220 mAb (BD Biosciences) and FITC-conjugated anti-MOMA-1 mAb (Serotec) for 1 h at room temperature and mounted with Fluoromount G (Electron Microscopy Sciences). Stained sections were examined by a Nikon E600 fluorescence microscope.
Serum Ig and autoantibody determinations
For quantification of individual total Ig class or subclass concentrations, serial dilutions of mouse sera were added to ELISA plates that had been coated with capture Abs against the indicated specific Ig class or subclass. This was followed by alkaline phosphatase-conjugated detection Abs to the specific Ig class or subclass (Southern Biotechnology Associates) (47) . The Ig concentrations were calculated from standard curves concurrently generated with purified mouse myeloma proteins (Sigma-Aldrich). For quantification of IgG autoantibody concentrations, mouse sera (1/ 250 dilution) were added to ELISA plates that had been coated with chromatin (5 g/ml), histone (20 g/ml), ssDNA (100 g/ml), or dsDNA (100 g/ml) followed by alkaline phosphatase-conjugated goat anti-mouse IgG (Southern Biotechnology Associates) (48) . Each sample was normalized to the mean OD of serum from 5-mo-old MRL-lpr/lpr mice, the latter being arbitrarily assigned a value of 100 U/ml.
Kidney immunofluorescence
OCT-embedded frozen kidney sections were incubated with FITC-conjugated F(abЈ) 2 fragments of goat anti-mouse IgM or IgG ␥-chain, FITC-conjugated goat anti-mouse IgG1, IgG2b, or IgG3 isotypes (Jackson ImmunoResearch Laboratories), or goat anti-mouse C3 (MP Biomedicals) followed by FITC-conjugated anti-goat IgG (Jackson ImmunoResearch Laboratories). Stained sections were examined by fluorescence microscopy (Nikon).
Kidney histology
Individual 5-m sections of formalin-fixed kidneys were stained with H&E, periodic acid-Schiff, and Masson's trichrome stain and examined by light microscopy. Each case was assessed for GN using a modification of the World Health Organization classification for lupus nephritis (46) as previously described (31) and for interstitial nephritis.
Statistical analysis
All analyses were performed using SigmaStat software (SPSS). If the raw (untransformed) data did not follow a normal distribution, they were logtransformed to achieve normality. Parametric testing between two matched or unmatched groups was performed by the paired or unpaired t test, respectively. Parametric testing among three or more groups was performed by one-way ANOVA. When the data were not normally distributed even after log transformation or the equal variance test was not satisfied, nonparametric testing was performed by the Mann-Whitney rank sum test between two groups and by Kruskal-Wallis one-way ANOVA on ranks among three or more groups. Correlations were determined by Pearson product moment correlation for interval data and by Spearman rank order correlation for ordinal data or for interval data that did not follow a normal distribution. We chose CD152-deficient mice as a model of robust global T cell dysregulation, inasmuch as such mice spontaneously undergo massive systemic T cell expansion and activation. A large percentage dies by 6 wk of age from inflammatory infiltrates in multiple vital organs (e.g., heart, liver) (Refs. 36 -39 and Stohl laboratory, unpublished data); therefore, we focused our studies on 3-to 5-wk-old mice. CD152 deficiency in B6.baff ϩ/ϩ mice led to modest increases in the percentages of BM pre/pro B cells and to substantial reductions in percentages of BM-immature B cells (Fig. 1A, a and d) . These changes were mirrored in B6.baff Ϫ/Ϫ mice but were blunted in B6.BTg mice (Fig. 1A, b, c, e, and f) . (In all staining combinations, results for cd152 ϩ/Ϫ mice were identical with those for cd152 ϩ/ϩ mice; therefore, results only for the latter are shown.) Importantly, CD152 deficiency in B6.baff ϩ/ϩ mice did not lead to a reduction in the percentages of BM-mature recirculating B cells (Fig. 1A, g and  j) . Although the percentages of these cells in CD152-sufficient B6.BTg and B6.baff Ϫ/Ϫ mice were, respectively, greater than and less than that in CD152-sufficient B6.baff ϩ/ϩ mice, CD152 deficiency failed to lead to any relative reductions in the percentages of BM-mature recirculating B cells in either B6.BTg or B6.baff Ϫ/Ϫ mice (Fig. 1A, h, i, k, and l) . Among spleen transitional B cells, CD152-sufficient B6.BTg mice harbored greater percentages of late transitional (T3) B cells and lesser percentages of early transitional (T1) B cells than did CD152-sufficient B6.baff ϩ/ϩ mice, consistent with the ability of BAFF to serve as a B cell differentiation factor (21, 22) . CD152 deficiency in both B6.baff ϩ/ϩ and B6.BTg mice led to increases in the percentages of T3 B cells and decreases in the percentages of T1 B cells (Fig. 1B, a, b, d, and e) . Strikingly, transitional B cell progression beyond the T1 stage was largely arrested in CD152-sufficient B6.baff Ϫ/Ϫ mice, consistent with previous reports (29, 30) . Nevertheless, there was an unmistakable increase in the percentages of the more mature T2 and T3 B cells in B6.baff Ϫ/Ϫ . cd152 Ϫ/Ϫ mice (Fig. 1B, c and f) , demonstrating that the consequences of BAFF deficiency on transitional B cell maturation could be at least partly overcome.
Results
Effects of CD152 deficiency on
In addition to the substantial reduction in T2 and T3 B cells in BAFF-deficient (CD152-sufficient) mice, follicular (FO) and marginal zone (MZ) B cells are also substantially reduced in them (29, 30) . In contrast, MZ B cells are expanded in BAFF Tg (CD152-sufficient) mice (16, 26) . Analysis of the FO and MZ B cell subsets in CD152-sufficient B6.baff Ϫ/Ϫ and B6.BTg mice confirmed their respective reductions and expansions relative to their B6.baff ϩ/ϩ counterparts (Fig. 1B, g-i) . Regardless of the baff genotype, CD152-deficient mice harbored substantially lower percentages of both FO and MZ B cells than did the corresponding CD152-sufficient mice (Fig. 1B, j-l Ϫ/Ϫ mice led to no change or modest increases in the percentages of BM and/or spleen PC (Fig. 1C, a-l) , populations which include both CD138 ϩ and CD138 Ϫ cells (49) . Moreover, the collapsed spleen follicles seen in CD152-sufficient B6.baff Ϫ/Ϫ mice were substantially restored in their CD152-deficient counterparts (Fig. 1D, a and b) . (The paucity of MOMA-1 ϩ rings surrounding the spleen follicles in B6.baff Ϫ/Ϫ .cd152 Ϫ/Ϫ mice is likely a feature of CD152 deficiency per se, inasmuch as a similar paucity of MOMA-1 ϩ rings was observed in CD152-deficient, but not CD152-sufficient, B6.baff ϩ/ϩ mice (Fig. 1D, c and d) .) Consistent with the relative increase in PC and, in the case of B6.baff Ϫ/Ϫ mice, the restoration of FO structure, serum levels of total IgM, IgG1, and IgG2b were significantly greater in CD152-deficient mice than in corresponding CD152-sufficient mice, regardless of the baff genotype ( p Յ 0.006 for total IgM; p Յ 0.001 for total IgG1; p Յ 0.005 for total IgG2b; Fig. 2A, a-c) . Although serum total IgM and IgG2b levels in B6.baff Ϫ/Ϫ .cd152 Ϫ/Ϫ mice were significantly lower than those in B6.baff ϩ/ϩ .cd152 Ϫ/Ϫ or B6.BTg.cd152
Ϫ/Ϫ mice ( p Ͻ 0.001 for each comparison), there were no significant differences in serum total IgG1 levels among these discrete mouse cohorts.
Not only did hypergammaglobulinemia develop in CD152-deficient mice regardless of their baff genotype, but these mice also harbored considerable levels of serum SLE-associated IgG autoantibodies, including autoantibodies directed against chromatin, histone, ssDNA, and dsDNA (Fig. 2B, a-d) . In contrast, serum levels of these autoantibodies were low in CD152-sufficient hosts, with no significant differences being appreciated between cd152 ϩ/ϩ and cd152 ϩ/Ϫ mice. Of note, serum autoantibody levels were no greater in CD152-sufficient B6.BTg mice than in CD152-sufficient B6.baff ϩ/ϩ mice, consistent with previous observations that elevated circulating IgG anti-chromatin and IgG anti-dsDNA autoantibodies were not detected in 3-mo-old B6.BTg (cd152 ϩ/ϩ ) mice (46) . For any baff genotype, autoantibody levels against each of the four tested specificities were significantly greater in CD152-deficient mice than in corresponding CD152-sufficient mice ( p Յ 0.008 for IgG anti-chromatin; p Յ 0.003 for IgG anti-histone; p Յ 0.006 for IgG anti-dsDNA; and p Յ 0.006 for IgG anti-ssDNA).
The only IgG autoantibodies whose serum levels were statistically greater in CD152-deficient B6.BTg mice than in the other tested CD152-deficient mice were anti-ssDNA ( p ϭ 0.003) and anti-dsDNA ( p ϭ 0.032). That is, constitutive overexpression of BAFF in CD152-deficient B6 mice did not discernibly promote greater IgG anti-chromatin or anti-histone Ab responses. Strikingly, serum IgG anti-histone, anti-ssDNA, and anti-dsDNA levels were no different in CD152-deficient B6.baff Ϫ/Ϫ mice than in CD152-deficient B6.baff ϩ/ϩ mice. The only IgG autoantibody whose serum levels were statistically lower in the former than in the latter was anti-chromatin ( p Ͻ 0.001). Although modest quantitative differences were detected among the individual CD152-deficient mouse cohorts in IgG subclass distribution of the SLEassociated IgG autoantibodies (data not shown), the serologic studies collectively indicate that the generation and maintenance of elevated levels of at least some of these autoantibodies in CD152-deficient B6 mice do not require BAFF. Moreover, when levels of such autoantibodies are already high, they frequently are not meaningfully augmented further by BAFF overexpression.
Development of renal immunopathology in CD152-deficient B6.baff ϩ/ϩ , B6.BTg, and B6.baff Ϫ/Ϫ mice
The development of serologic autoimmunity in CD152-deficient mice by 3-5 wk of age raised the possibility that development of target-organ (kidney) immunopathology might also be rapid in these mice. Immunofluorescence studies of kidney sections revealed discrete patterns of Ig deposition among the tested groups of mice. Renal IgM deposition was detected in CD152-sufficient B6.baff ϩ/ϩ and B6.BTg mice (Fig. 3A, a and c) , with staining intensity being similar to that in 2-mo-old (before development of clinical autoimmunity) NZM 2328 mice (Fig. 3Ag) . In contrast, no renal IgM deposition was appreciated in CD152-sufficient B6.baff Ϫ/Ϫ mice (Fig. 3Ae) . However, renal IgM deposition was strong in all CD152-deficient mice, including B6.baff Ϫ/Ϫ . cd152 Ϫ/Ϫ mice, with staining intensity approaching that in 6-moold (clinically sick) NZM 2328 mice (Fig. 3A, b, d, f, and h) .
Deposition of IgG in the kidneys of the tested mice was striking in its prevalence. Although renal IgG deposition was not appreciated in any of the CD152-sufficient mice (Fig. 3A, i, k, and m) , all of the CD152-deficient mice, including B6.baff Ϫ/Ϫ .cd152
mice, developed considerable renal IgG deposition (Fig. 3A , j, l, and n). This renal IgG deposition by 3-5 wk of age in the CD152-deficient mice is especially remarkable, inasmuch as no renal IgG deposition was yet appreciated in 2-mo-old (clinically healthy) NZM 2328 mice despite their development of considerable renal IgG deposition by 6 mo of age (when clinically sick) (Fig. 3A, o  and p) . In general, renal deposition of C3 paralleled deposition of IgG (Fig. 3A, q-x) , although occasionally, some interstitial C3 deposition was also observed, irrespective of the baff or cd152 genotypes of the mice (Fig. 3Au) . In BAFF-deficient NZM 2328 mice, deposition of IgG in the kidneys was substantial, albeit delayed in time relative to that in corresponding BAFF-sufficient mice, but the distribution of IgG subclasses deposited in the kidneys of BAFF-deficient NZM 2328 mice differed from that in BAFF-sufficient NZM 2328 mice. In the former, IgG1 deposition predominated with limited IgG2a or IgG2b deposition. In contrast, all three subclasses were amply represented in the latter (31) .
Given the dramatic deposition of IgG in the kidneys of both B6.baff ϩ/ϩ .cd152 Ϫ/Ϫ mice and B6.baff Ϫ/Ϫ .cd152 Ϫ/Ϫ mice, we assessed the distribution of IgG subclasses in the renal deposits. Consistent with the lack of detectable deposition of total IgG in CD152-sufficient mice of any baff genotype, no renal IgG1, IgG2b, or IgG3 deposition was detected in any CD152-sufficient mouse (Fig. 3B, a, c, e, i, k, m, q, s, and u) . In contrast, renal IgG1 deposition was abundant in all CD152-deficient mice of any baff FIGURE 2. Serum total Ig and IgG autoantibody levels in CD152-sufficient and CD152-deficient B6.baff ϩ/ϩ , B6.BTg, and B6.baff Ϫ/Ϫ mice. A, Sera from CD152-sufficient B6.baff ϩ/ϩ (wt suf; n ϭ 9 cd152 ϩ/ϩ plus 9 cd152 ϩ/Ϫ ), CD152-deficient B6.baff ϩ/ϩ (wt def; n ϭ 13), CD152-sufficient B6.baff Ϫ/Ϫ (ko suf; n ϭ 11 cd152 ϩ/ϩ plus 11 cd152 ϩ/Ϫ ), CD152-deficient B6.baff Ϫ/Ϫ (ko def; n ϭ 16), CD152-sufficient B6.BTg (tg suf; n ϭ 3 cd152 ϩ/ϩ plus 4 cd152 ϩ/Ϫ ), and CD152-deficient B6.BTg (tg def; n ϭ 4) mice were assayed for levels of total IgM (a), total IgG1 (b), and total IgG2b (c). Circles, diamonds, and triangles, respectively, represent individual baff ϩ/ϩ , baff ϩ/Ϫ , and baff Ϫ/Ϫ mice. The composite results are plotted as box plots. The lines inside the boxes indicate the medians; the outer borders of the boxes indicate the 25th and 75th percentiles; and the bars extending from the boxes indicate the 10th and 90th percentiles. B, Sera from the same mice were assayed for levels of IgG Abs against chromatin (a), histone (b), ssDNA (c), and dsDNA (d). Results are presented as in A. wt suf, BAFF wild type and CD152 sufficient; wt def, BAFF wild type and CD152 deficient; ko suf, BAFF knockout and CD152 sufficient; ko def, BAFF knockout and CD152 deficient; tg suf, BAFF Tg and CD152 sufficient; tg def, BAFF Tg and CD152 deficient. genotype (Fig. 3B, b, d, and f) . Renal IgG2b deposition was also detected in all CD152-deficient mice, but among these mice, the staining appeared to be less intense in B6.baff Ϫ/Ϫ .cd152 Ϫ/Ϫ mice (Fig. 3B, j, l, and n) . Of note, renal IgG3 deposition was not detected in any CD152-deficient mouse tested (Fig. 3B, r, t, and v) , which contrasts with the substantial renal deposition of IgG1, IgG2b, and IgG3 in 6-mo-old, but not 2-mo-old, NZM 2328 mice (Fig. 3B, g, h, o, p, w, and x) .
In contrast to the severe and widespread GN that develops with age in either BAFF-sufficient or BAFF-deficient NZM 2328 mice (31), GN in 3-to 5-wk-old CD152-deficient (or CD152-sufficient) mice was quite limited, with endocapillary proliferation and mesangial hypercellularity only occasionally seen. In contrast, a very different picture emerged with regard to interstitial nephritis. Whereas interstitial nephritis was largely absent in B6.baff ϩ/ϩ . cd152 ϩ/ϩ mice at 3-5 wk of age, it was prominent in B6.baff
cd152
Ϫ/Ϫ and in B6.BTg.cd152 Ϫ/Ϫ mice of the same age (Fig. 4 , a and c, and our unpublished data). Strikingly and unexpectedly, interstitial nephritis was also a feature of CD152-sufficient B6.baff Ϫ/Ϫ mice and was further intensified in CD152-deficient B6.baff Ϫ/Ϫ mice (Fig. 4, b and d) . Taken together, not only were the immunopathologic consequences of CD152 deficiency for the kidney not inhibited by BAFF deficiency, but they may actually have been aggravated by BAFF deficiency.
Discussion
Two striking conclusions can be drawn from the present study. First, the complete absence of CD152 leads to development of hypergammaglobulinemia and considerable humoral autoimmunity, including the production of nephrophilic autoantibodies and/or autoantibodies commonly associated with SLE (IgG anti-chromatin, IgG anti-histone, IgG anti-dsDNA, and IgG anti-ssDNA Abs). The development of such humoral autoimmunity in CD152-deficient B6 mice (which harbor ostensibly normal B cells, a normal innate immune system, and an otherwise non-autoimmune-prone environment) by 3-5 wk of age is far more rapid than that which occurs in bona fide SLE mice (e.g., NZM 2328 mice). Deposition of IgG and C3 in the glomeruli of CD152-deficient B6 mice is readily demonstrable and these mice develop interstitial nephritis to a much greater degree than do their CD152-sufficient counterparts. Of interest, dramatic glomerular histologic changes are not associated with the renal IgG and C3 deposition. The paucity and early stage of histologic GN may reflect the very young age of the mice at the time of their sacrifice. It is possible that widespread GN would develop were the mice able to live longer. This speculation, however, is inherently indeterminate due to the uniformly early mortality of CD152-deficient mice from failure of nonrenal vital organs (e.g., heart, liver).
The humoral autoimmunity and immunopathology that develop in CD152-deficient hosts are almost certainly due to global T cell dysregulation rather than due to any intrinsic B cell abnormality. Experiments with chimeric mice harboring CD152-sufficient T cells and CD152-deficient B cells have demonstrated that the frequencies of peripheral B cells, total circulating IgM and IgG levels, and primary and secondary Ag-specific IgG responses are no different from those in chimeric mice harboring CD152-sufficient B cells rather than CD152-deficient B cells (50) .
Although complete absence of CD152 has never been associated with human autoimmune disease, polymorphisms within the Cd152 gene have been associated with several human disorders characterized by autoantibody production, including SLE (51) (52) (53) . This raises the possibility that alterations in CD152 function may importantly affect development of autoantibodies, including potentially pathogenic ones, not just in mice but in humans as well. Moreover, autoantibodies against CD152 circulate in some patients with systemic immune-based rheumatic diseases (54) and, thereby, may further compromise the regulatory function of CD152 and aggravate the autoimmune process.
The second and, perhaps, more striking conclusion from the present study is that the entire spectrum of autoimmune features observed in CD152-deficient mice can develop in the complete absence of BAFF. Regardless of their genetic background (nonautoimmune prone or autoimmune prone), there is a ϳ90% reduction in spleen B cells (including transitional, FO, and MZ B cells) among baff Ϫ/Ϫ mice relative to their baff ϩ/ϩ counterparts (30, 31) . Although CD152 deficiency, regardless of the baff genotype, considerably affected the distribution of B cells among phenotypically defined B cell subsets, CD152 deficiency did not result in appreciable expansion of B cells and, of great importance, did not restore B cell numbers in B6.baff Ϫ/Ϫ mice to levels observed in B6.baff ϩ/ϩ mice. That is, CD152-deficient B6.baff Ϫ/Ϫ mice displayed a marked B cell deficiency, similar in degree to that displayed by CD152-sufficient B6.baff Ϫ/Ϫ mice. This B cell deficiency notwithstanding, hypergammaglobulinemia developed in CD152-deficient mice by 3-5 wk of age. Although serum levels of total IgM and total IgG2b were significantly lower in B6.baff Ϫ/Ϫ .cd152 Ϫ/Ϫ mice than in B6.baff ϩ/ϩ . cd152 Ϫ/Ϫ mice, serum total IgG1 levels in these respective mice were similar. Because BAFF can preferentially promote Th1 responses (55), the preferential global production of IgG1 in BAFFdeficient hosts may be a reflection of a shift from Th1 responses to Th2 responses (which would favor production of IgG1 over IgG2b).
In ϩ rings surrounding spleen follicles in the latter but not in the former, likely demonstrates that the numerous genetic differences between NZM 2328 and CD152-deficient B6 mice do lead to phenotypic differences.
Although we have tacitly assumed that the B cells in B6.baff
mice are normal, this may not necessarily be strictly correct. Because all of the B cells in BAFF-deficient hosts will have matured and differentiated along a BAFF-independent pathway, they may be more sensitive and/or responsive to alternate maturation/differentiation factors than are B cells that mature and differentiate in a BAFF-sufficient environment. Future studies that assess the effects of pharmacologic inhibition of BAFF on autoimmunity in CD152-deficient BAFF-sufficient hosts should lend insight into this matter.
Given that widespread T cell expansion and T cell infiltration into vital organs are cardinal features of CD152-deficient mice (36 -38) , it is not surprising that we documented the development of substantial interstitial nephritis in our CD152-deficient mice. What was unexpected was the considerable "baseline" interstitial nephritis that developed in CD152-sufficient B6.baff Ϫ/Ϫ mice by 3-5 wk of age. Previous reports of BAFF-deficient (non-autoimmune-prone) mice have not included descriptions of kidney histology (29, 30, 56, 57) ; therefore, the clinical importance of interstitial nephritis in these mice and the underlying mechanisms warrant further investigation.
The unexpected finding of interstitial nephritis in B6.baff Ϫ/Ϫ mice notwithstanding, the development of autoimmunity in the absence of BAFF should not be taken to mean that BAFF plays no contributory role in disease pathogenesis. Indeed, BAFF overexpression can promote SLE-like autoimmunity even in the absence of T cells (28) . That is, abnormal T cell help may be dispensable for SLE-like features. Disease that develops in hosts bearing certain intrinsic "abnormalities" of B cells and/or the innate immune system might be highly responsive to BAFF elimination/neutralization. Nevertheless, the rapid T cell-driven development of substantial serologic autoimmunity and end-organ (kidney) immunopathology in a host that harbors an otherwise non-autoimmuneprone environment despite the complete absence of BAFF does raise some doubt regarding the ultimate utility of BAFF antagonists in clinical practice. Although treatment of SLE-prone (NZB ϫ NZW)F 1 or MRL-lpr/lpr mice with the BAFF antagonist TACI-Ig did attenuate disease and enhance survival (6) , at least some of the clinical efficacy may have come from the ability of TACI-Ig to neutralize not just BAFF but APRIL as well. Although BAFFR-Ig, a BAFF-specific antagonist without any APRIL-neutralizing activity, was able to attenuate end-organ pathologic changes in murine SLE (58, 59) , only short-term effects were assessed. It remains plausible that in the long term, disease would have emerged in these mice despite the neutralization of BAFF. Indeed, the development of serologic and pathologic features of SLE in BAFF-deficient NZM 2328 mice (31) and the development of full-blown serologic, pathologic, and clinical disease in MRLlpr/lpr mice bearing a mutant BAFFR incapable of transducing BAFF-triggered signals (60) support this premise. Human experience to date also raises concerns regarding the efficacy of BAFF antagonism. Although clinical trials in human SLE with a neutralizing anti-BAFF mAb have documented a highly favorable safety profile, they have demonstrated, at most, only modest clinical benefit (61, 62) . Although these observations should not be interpreted as showing the absence of any benefit from solely targeting BAFF, they do strongly suggest that therapeutic targeting of BAFF alone is inadequate. Optimal therapeutic utility of BAFF antagonism may require combination with other agents. Further investigation in both murine models and in human subjects will be needed to delineate the precise therapeutic niche for BAFF antagonists.
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